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INTRODUCTION
Escherichia Coli as a model organism in Meiothermus ruber analysis
Meiothermus ruber (M. ruber), a gram-negative bacterium of red pigmentation and
belonging to the phylum Deinococcus-Thermus, is typically isolated from extreme,
high-temperature environments ranging from 35-70 degrees Celsius (Tindall et al.,
2010). Despite that this unique bacterium was identified more than four decades
ago, little is known today regarding its genome, a fact that is evident from the lack of
publications regarding M. ruber (Scott, 2016). However, it is becoming more and
more apparent that investigation of lesser-understood bacteria, such as
Meiothermus ruber, is crucial in increasing understanding of various biological and
chemical processes that may not be thoroughly classified in other, model bacteria. In
fact, the Joint Genome Institute’s Genomic Encyclopedia of Bacteria and Achaea
(GEBA) project is specifically centered on bettering understanding of bacteria that
are not as thoroughly classified (Wu et al., 2009). Furthering knowledge regarding
gene identification and function in such bacteria may prove incredibly useful for
researchers across various specialties, as it could lead to better understanding of
biological and chemical processes. It is for this reason that efforts have been made
to better understand the genome of M. ruber specifically in Dr. Lori Scott’s
laboratory at Augustana College. In order to expand upon the knowledge currently
known regarding M. ruber’s genome, the bacteria Escherichia coli (E. Coli) was used
as the model organism. E. coli was a useful control in this investigation for several
reasons. The E. coli genome has been thoroughly characterized, with all of its genes
being been identified and many being functionally confirmed (Kessler, 2013).
Additionally, preliminary research, as well as previous findings, has suggested that
several genes in M. rub are orthologous to their respective matches in E. coli (Scott,
2016).

Oxidative Phosphorylation
Oxidative phosphorylation is a crucial process in energy metabolism, as it provides a
major source of energy to the organism (Cooper, 2000). In the process of oxidative
phosphorylation, electrons from NADH and FADH2 are transferred to O2 molecules,
yielding redox reactions. The oxidation of NADH and reduction of O2 is spontaneous,
and ultimately fuels the synthesis of ATP. In order for the reduction of O2 to occur,
electrons derived from NADH are cycled through the electron transport chain, in
which they travel through four complexes. Energy obtained through the passing of
electrons through the complexes is harvested and utilized in the process of ATP
synthesis through the creation of a proton gradient. Figure 1.1 displays the KEGG
pathway map for oxidative phosphorylation. The genes of interest for this particular
project are located within the NADH dehydrogenase unit of oxidative
phosphorylation, which is composed of several subunits that function in the
oxidation of NADH. The NADH dehydrogenase unit ultimately functions in the
creation of the proton gradient. The creation of this proton gradient provides the
necessary energy to fuel the synthesis of ATP. The NADH dehydrogenase unit is
circled in black in Figure 1.1. NADH dehydrogenase, which is illustrated in Figure
1.2, is a crucial unit in the overall pathway of obtaining ATP, or energy, through
oxidative phosphorylation. Figure 1.2 illustrates the oxidation of an NADH molecule
to NAD+ and shows the transfer of these electrons to a ubiquinone molecule in order
to form a ubiquinol molecule. The reduction of ubiquinone is one step in the transfer
of the electrons through the electron transport chain of oxidative phosphorylation.
Additionally, Figure 1.2 highlights the proton gradient generated as a result of the
electron transport (Kessler, 2013).

Figure 1.1

Figure 1.2
Figure 1. NADH hydrogenase in oxidative phosphorylaiton. Figure 1.1 is
oxidative phosphorylatin pathway with NADH dehydrogenase subunit circled in
black. Figure was taken from http://www.genome.jp/keggbin/show_pathway?map=map00190&show_description=show (Kanehisa, 2016).
Figure 1.2 is schematic of NADH dehydrogenase, highlighting oxidation of
NADH to form proton gradient through the reduction of ubiquinone to form
ubiquinol (Kessler, 2013).
Bioinformatics
The use of bioinformatics, a collection of databases and informatory websites, was
crucial to the investigation of the M. ruber genome. The use of databases, including
those used in this specific project, is essential in assuring data collected are
permanently and publicly available. Further, because the majority of these
databases are available at no cost to their users, they are universally available. The
use of databases in the field of bioinformatics is important in performing timeefficient and accurate analysis across various scientific research fields. In
investigating sequence similarity between the genes of interest, low E-values
obtained through bioinformatics analysis will indicate significant sequence
alignment. On the other hand, if high E-values are returned, this will suggest that the
sequence alignment is due to chance alone, rather than actual conservation of the
sequences across the two organisms. Using sequence alignment between the M.
ruber genes and their respective E. coli counter genes will allow us to obtain Evalues that will indicate, along with other analyses, whether or not the sequences
are orthologous and the genes have similar function.

Hypothesis
Throughout the course of this investigation, various bioinformatics tools and the
model organism E. coli will be utilized to analyze three genes found in Meiothermus
ruber. Specifically, the genes Mrub_1873, Mrub_1872, and Mrub_1871 will be
studied to determine if they are orthologous to Escherichia coli genes b2285, b2284,
and b2283.
METHODS
Through the use of GENI-Science and various bioinformatics websites, data for the
b2282, Mrub_1873, b2284, Mrub_1872, b2283 and Mrub_1871 genes was obtained
within a GENI-ACT notebook. With an interest in energy metabolism, an initial
search through KEGG to visualize various energy metabolism pathways was
completed. After settling on oxidative phosphorylation, the KEGG maps for both
Escherichia coli and Meiothermus ruber were compared to identify three genes that
were present in both pathways. After selecting nuoE, nuoF, and nuoG, which were
present in both organisms, the locus tags above were searched through the GENIscience site to ensure that the genes had not been previously annotated (Scott,
2016).
In beginning the annotation, instructions provided in the GENI-ACT annotation
website were utilized. In completing the first module for the GENI-ACT lab
notebook, which contains basic information regarding the gene of interest, the gene
page was visited to obtain both the nucleotide and amino acid sequences. The amino
acid sequence was put in FASTA format and utilized in the remainder of the
modules. For the sequence-based similarity module, protein BLAST was utilized to
identify the top sequences within the database that were most similar to the protein
of interest (Madden, 2002). The top 250 hits with paired E-values of 0.01 or less
were obtained in each protein BLAST search. The BLAST output was used to obtain
information regarding the sequence hits, as well as the CDD information.
Additionally, 15 sequences of varying genus and species from the protein BLAST
results were selected and formatted to create a multiple sequence alignment
through T-Coffee (Notredame et al., 2000). This alignment was then utilized in the
creation of a Weblogo, which was useful in visualizing conserved amino acids
throughout the sequences (Crooks et al, 2004).
Various bioinformatics tools were utilized in obtaining information for the cellular
localization module. The FASTA formatted protein sequence for the gene of interest
was run through TMHMM (Krogh & Rapacki, 2016) to investigate presence of
transmembrane helices, SignalP (Petersen et al., 2011) to investigate presence of
protein cleavage sites, and LipoP (Juncker et al., 2003) and PSORT-B (Yu et al., 2001)
for further information regarding localization data. For all of the genes, Phobius was
not necessary, due to the absence of transmembrane helices and cleavage sites. IMG
was utilized to analyze the flanking region of 30 nucleotides surrounding the
suspected start codon the gene locus tags in order to investigate whether there were

potential alternative start codons present for the genes (Markowitz et al., 2012). For
the structure-based evidence module, TIGRFAM (Haft et al., 2001), Pfam (Finn et al.,
2016), and the protein database (Berman et al., 2000) were used, along with the
FASTA formatted protein sequence for the gene of interest, to investigate similarity
to consensus sequences within the databases.
In the enzymatic function module, the KEGG pathway for oxidative phosphorylation
was obtained for both Escherichia coli and Meiothermus ruber. Additionally, KEGG
was utilized to obtain the enzyme commission number for the genes by hovering
over the gene of interest on the map (Kanehisa et al., 2016). Metacyc was utilized
only for the E. coli genes in order to further visualize the specific NADH
dehydrogenase unit within the oxidative phosphorylation pathway (Keseler et al.,
2013). For the duplication and degradation module, KEGG was once again utilized to
determine that no paralogs were present for any of the genes being studied
(Kanehisa et al., 2016). Finally, in the horizontal gene transfer module, the multiple
sequence alignment obtained for the T-coffee analysis described above was used to
create a phylogenetic tree of the 15 sequences that were aligned. The tree was
created by creating a work flow in phylogeny, and it was formatted to appear as a
cladiogram without branch lengths. IMG was then utilized to search for the locus
tags of interest. Once information for the locus tag was obtained in IMG, the option
to color the maps by GC was selected to view the GC heat maps for the genes. This
allowed us to obtain information regarding the characteristic GC% for the genes,
which was provided at the top of the returned page, as well as the average GC% for
the genes, which was obtained through hovering over the gene of interest within the
map. Additionally, the IMG results were colored by KEGG map to obtain information
regarding whether or not the gene belonged to an ortholog (Markowitz et al., 2012).
RESULTS
Table 1 summarizes the results from several bioinformatics tools that were used to
compare the E. coli b2285 gene to the Mrub_1873 gene. The BLAST result describes
the protein sequence alignment between the two organisms. Because the E-value of
2e-24 is very close to zero, these sequences likely align due to conservation of amino
acids across the two species, rather than due to chance. Analysis regarding the CCD
returned the same COG number (COG1905) and name (NADH: ubiquinone
oxidoreductase 24 kD subunit (chain E)) with very small E-values, which indicates
significance. Information regarding cellular localization obtained from various
bioinformatics databases (TMH, SignalP, LipoP and PSORT-B) indicated that both
proteins are found within the cell’s cytoplasm and do not contain a cleavage site.
The TIGRFAM analysis for the two genes returned the same hit (TIGR01958) of
NADH-quinone oxidoreductase (E subunit). Further, the Pfam hit confirmed that
both proteins contain the thioredoxin-like [2Fe_2S] ferredoxin domain. Although
protein database returned matches from two different organism for E. coli 2285 and
M. ruber Mrub_1873, the protein within the match organism was still the same. The
enzyme commission number for the genes, as determined by KEGG, is 1.6.5.3, and

the proteins function as NADH: ubiquinone reductase (H(+)-translocating) in the
Oxidative phosphorylation pathway. This information returned indicated several
similarities between the two genes, suggesting that these two genes are orthologs.
Table 1: Mrub_1873 and b2285 are orthologs
Bioinformatics
E. coli b2285 gene
M. ruber Mrub_1873 gene
Tool
Score: 80.9
BLAST
E-value: 2e-24
COG1905
CDD Data (COG)
NADH: ubiquinone oxidoreductase 24 kD subunit (chain E)
[Energy production and conversion]
E-value: 2.65e-84
E-value: 5.03e-57
Cellular
Localization
TIGRfam –
protein family
Pfam – protein
family

Protein Database

Cytoplasm of the cell
TIGR01958
NADH-quinone oxidoreductase (E subunit)
E-value: 8.5e-76
E-value: 6.4e-67
PF01257 (2Fe-2S_thioredx family)
Thioredoxin-like [2Fe-2S] ferredoxin
NADH dehydrogenase (ubiquinone)
E-value: 3.8e-51
E-value: 1.9e-48
5LDW: Structure of
2FUG: Crystal structure of the
mammalian respiratory
hydrophilic domain of
Complex I, class1
respiratory Complex 1 from
Thermus thermophilus
E-value: 1.05178e-23

Enzyme
commission
number
KEGG Pathway
map

E-value: 5.47463e-75
1.6.5.3
NADH: ubiquinone reductase (H(+)-translocating)
Oxidative Phosphorylation pathway (00190)

The results of the protein BLAST sequence alignment between E. coli b2285 and M.
ruber Mrub_1873, which are shown in Figure 2, indicate that 32% of the amino acids
within the sequences were exact matches between the two organisms. Further, 69 of
the remaining amino acids were of similar character. The BLAST alignment of the
two sequences returned an E-value of 2e-24, which is incredibly small, suggesting
that the alignment seen is not likely due to chance alone. These results lead us to
conclude that the sequence similarity may indicate the genes are potential orthologs
(Madden, 2002).

Figure 2. Mrub_1873 and E. coli b2285 have a similar protein sequence. Protein
BLAST utilized to complete sequence alignment with query sequence E. coli
b2285 and subject sequence M. ruber Mrub_1873 (Madden, 2002).
Figure 3 highlights the results for the THM hydropathy plots for both E. coli b2285
and M. ruber Mrub_1873 (Krogh & Rapacki, 2016). Both Figure 3.1 and Figure 3.2
lack peaks of significant amplitude that represent transmembrane helices. Thus,
each gene is predicted to have zero transmembrane helices, providing a piece of
evidence that the genes are located within the cytoplasm of the cell.

Figure 3.1.

Figure 3.2.

Figure 3. Absence of TMH regions within E. coli b2285 and M. ruber Mrub_1873.
Figure 3.1 shows the TMHMM plot for E. coli b2285. Figure 3.2 shows the
TMHMM plot for M. ruber Mrub_1873. Plots were obtained using TMHMM Server
v 2.0 (Krog & Rapack, 2016).
Signal P plots, which indicate presence or absence of cleavage sites within proteins,
obtained for E. coli b2285.and M. ruber Mrub_1873 are presented in Figure 4. Potential
cleavage sites are hypothesized using the bioinformatics tool’s D-value. Said D-value is
calculated using the S-score, Y-score, and cutoff value, which are shown on the plot.
Both E. coli b2285.and M. ruber Mrub_1873 had D-values, which were 0.090 and 0.095
respectively, lower than the cutoff value of 0.450, indicating that both proteins do not
contain cleavage sites (Petersen et al., 2011).

Figure 4.1.

Figure 4.2.

Figure 4. Absence of protein cleavage sites in E. coli b2285 and M. ruber
Mrub_1873. Figure 4.1 shows Signal P plot for E. coli b2285. Figure 4.2 shows
Signal P plot for M. ruber Mrub_1873. Each of the protein’s D-value fell below
the cutoff value of 0.450, indicating lack of protein cleavage sites. Plots were
generated using Signal P server 4.1 (Petersen et al., 2011).
The oxidative phosphorylation pathways for both E. coli b2285 and M. ruber
Mrub_1873 are shown in Figure 5. Enzymes highlighted in green have been
identified as functional in the pathway of the respective organism. Figure 5.1, which
shows the oxidative phosphorylation pathway for E. coli, has the b2285 gene
highlighted in green, and this gene is circled in black. Figure 5.2, which shows the
oxidative phosphorylation pathway for M. ruber, has the Mrub_1873 gene
highlighted in green, and this gene is circled in black. The presence of both of these
genes in their respective organism’s NADH dehydrogenase E subunit for the
oxidative phosphorylation pathway further suggests the two are orthologous
(Kanehisa et al., 2016).

Figure 5.1.

Figure 5.1

Figure 5.2
Figure 5. Presence of b2285 and Mrub_1873 in oxidative phosphorylation
pathway. Figure 5.1 shows KEGG pathway for E. coli. Figure 5.2 shows KEGG
pathway M. ruber. Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was utilized to locate the oxidative phosphorylation pathway in E. coli
and M. ruber, as well as genes b2285 and Mrub_1873 within the pathway
(Kanehisa et al., 2016).
Figure 6 highlights the pairwise alignments of both E. coli b2285 (Figure 6.1) and M.
ruber Mrub_1873 (Figure 6.2) with the same consensus sequence of thioredoxin-like
[2Fe-2S] ferredoxin. The alignment was provided by Pfam, which returned the same
consensus sequence for both genes, despite the presence of hundreds of possible
consensus sequences for the alignments within the database. This, along with the
presence of several conserved amino acids seen within the alignments, further
suggests that the two genes are orthologous (Berman et al., 2000).

Figure 6.1

Figure 6.2
Figure 6. E. coli b2285 and M. ruber Mrub_1873 have similar conserved amino
acids in same consensus sequence. Figure 6.1 shows E. coli b2285 sequence
alignment with consensus sequence of of thioredoxin-like [2Fe-2S] ferredoxin.
Figure 6.2 shows M. ruber Mrub_1873 sequence alignment with consensus
sequence of of thioredoxin-like [2Fe-2S] ferredoxin. Pairwise alignments
obtained through Pfam (Berman et al., 2000).
Figure 7 illustrates that both E. coli b2285 and M. ruber Mrub_1873 belong to
operons. Each of the genes appears to be part of its own respective operon, as each
is adjacent to several genes in the same KEGG pathway with the same color. Figure
7.1 shows that b2285 is part of an operon, as it is surrounded by several genes of
the same, pink coloration. Figure 7.2 shows that Mrub_1873 is part of an operon, as
it is surrounded by several genes of the same, grey coloration. The fact that both of
these genes belong to operons presents further evidence that they are orthologs
(Kanehisa et al., 2016, Madden, 2022).

Figure 7.1

Figure 7.2
Figure 7. E. coli b2285 and M. ruber Mrub_1873 genes each belong to their own
respective operons. Figure 7.1 shows the E. coli b2285 gene, which is pink and
identified with a red line above the gene. Figure 7.2 shows the M. ruber
Mrub_1873 gene, which is grey and identified with a red line above the gene.
JGI Colored by KEGG was used to view and obtain these ortholog
neighborhoods (Kanehisa et al., 2016, Madden, 2002).
Table 2 summarizes the results from several bioinformatics tools that were used to
compare the E. coli b2284 gene to the Mrub_1872 gene. The BLAST result describes
the protein sequence alignment between the two organisms. Because the E-value of
5e-136 is very close to zero, these sequences likely align due to conservation of
amino acids across the two species, rather than due to chance. Analysis regarding
the CCD returned the same COG number (COG1894) and name (NADH: ubiquinone
oxidoreductase, NADH-binding 51 kD subunit (chain F)) with very small E-values,
which indicates significance. Information regarding cellular localization obtained
from various bioinformatics databases (TMH, SignalP, LipoP and PSORT-B)
indicated that both proteins are found within the cell’s cytoplasm and do not contain
a cleavage site. The TIGRFAM analysis for the two genes returned the same hit
(TIGR01959) of NADH-quinone oxidoreductase (F subunit). Further, the Pfam hit
confirmed that both proteins contain the SLBB domain, as well as the respiratorychain NADH dehydrogenase 51 Kd subunit of NADH dehydrogenase. The protein
database returned the same structure for the two organisms, which was the crystal
structure of the hydrophilic domain of respiratory complex I from Thermus thermophilus,
with low E-values. The enzyme commission number for the genes, as determined by
KEGG, is 1.6.5.3, and the proteins function as NADH: ubiquinone reductase (H(+)translocating) in the Oxidative phosphorylation pathway. This information returned
indicated several similarities between the two genes, suggesting that these two
genes are orthologs.
Table 2: Mrub_1872 and b2284 are orthologs
Bioinformatics
Tool
BLAST

E. coli b2284 gene

M. ruber Mrub_1872 gene

Score: 386
E-value: 5e-136

CDD Data (COG)

Cellular
Localization
TIGRfam –
protein family
Pfam – protein
family

COG1894
NADH: ubiquinone oxidoreductase, NADH-binding 51 kD
subunit (chain F)
[Energy production and conversion]
E-value: 0.0
Cytoplasm of the cell
TIGR01959
NADH-quinone oxidoreductase (F subunit)
E-value: 0.0
E-value: 1.8e-246
PF01512 (Complex1_51K)
Respiratory-chain NADH dehydrogenase 51 Kd subunit
NADH dehydrogenase (ubiquinone)
PF10531 (SLBB)
SLBB domain

Protein Database

E-value: 1.32-49
E-value: 6.23-52
E-value: 1.5e-06
E-value: 1.1e-11
2FUG: Crystal Structure of the hydrophilic domain of respiratory
complex I from Thermus thermophilus
E-value: 8.97989e-109

Enzyme
commission
number
KEGG Pathway
map

E-value: 0.0

1.6.5.3
NADH: ubiquinone reductase (H(+)-translocating)
Oxidative Phosphorylation pathway (00190)

The results of the protein BLAST sequence alignment between E. coli b2284 and M.
ruber Mrub_1872, which are shown in Figure 8, indicate that 49% of the amino acids
within the sequences were exact matches between the two organisms. Further, 267
of the remaining amino acids were of similar character. The BLAST alignment of the
two sequences returned an E-value of 5e-136, which is incredibly small, suggesting
that the alignment seen is not likely due to chance alone. These results lead us to
conclude that the sequence similarity may indicate the genes are potential orthologs
(Madden, 2002).

Figure 8. Mrub_1872 and E. coli b2284 have a similar protein sequence. Protein
BLAST utilized to complete sequence alignment with query sequence E. coli
b2284 and subject sequence M. ruber Mrub_1872 (Madden, 2002).
Figure 9 highlights the results for the THM hydropathy plots for both E. coli b2284
and M. ruber Mrub_1872. Both Figure 3.1 and Figure 3.2 lack peaks of significant
amplitude that represent transmembrane helices. Thus, each gene is predicted to
have zero transmembrane helices, providing a piece of evidence that the genes are
located within the cytoplasm of the cell (Krogh & Rapacki, 2016).

Figure 9.1

Figure 9.2
Figure 9. Absence of TMH regions within E. coli b2284 and M. ruber Mrub_1872.
Figure 9.1 shows the TMHMM plot for E. coli b2284. Figure 9.2 shows the
TMHMM plot for M. ruber Mrub_1872. Plots were obtained using TMHMM Server
v 2.0 (Krog & Rapack, 2016).
Signal P plots obtained for E. coli b2284.and M. ruber Mrub_1872 are presented in
Figure 10. Both E. coli b2284.and M. ruber Mrub_1872 had D-values, which were 0.128
and 0.108 respectively, lower than the cutoff value of 0.450, indicating that both proteins
do not contain cleavage sites (Petersen et al., 2011).

Figure 10.1

Figure 10.2
Figure 10. Absence of protein cleavage sites in E. coli b2284 and M. ruber
Mrub_1872. Figure 10.1 shows Signal P plot for E. coli b2284. Figure 10.2
shows Signal P plot for M. ruber Mrub_1872. Each of the protein’s D-value fell
below the cutoff value of 0.450, indicating lack of protein cleavage sites. Plots
were generated using Signal P server 4.1 (Petersen et al. 2011).
The oxidative phosphorylation pathways for both E. coli b2284 and M. ruber
Mrub_1872 are shown in Figure 11. Enzymes highlighted in green have been
identified as functional in the pathway of the respective organism. Figure 11.1,
which shows the oxidative phosphorylation pathway for E. coli, has the b2284 gene
highlighted in green, and this gene is circled in black. Figure 11.2, which shows the
oxidative phosphorylation pathway for M. ruber, has the Mrub_1872 gene
highlighted in green, and this gene is circled in black. The presence of both of these
genes in their respective organism’s NADH dehydrogenase F subunit for the
oxidative phosphorylation pathway further suggests the two are orthologous
(Kanehisa et al., 2016).

Figure 11.1

Figure 11.2

Figure 11. Presence of b2284 and Mrub_1872 in oxidative phosphorylation
pathway. Figure 11.1 shows KEGG pathway for E. coli. Figure 11.2 shows
KEGG pathway M. ruber. Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was utilized to locate the oxidative phosphorylation pathway in E. coli
and M. ruber, as well as genes b2284 and Mrub_1872 within the pathway
(Kanehisa et al., 2016).
Figure 12 highlights the pairwise alignments of both E. coli b2285 and M. ruber
Mrub_1873 with the same consensus sequences of the respiratory-chain NADH
dehydrogenase 51 Kd subunit and the SLBB domain. The alignments were provided
by Pfam, which returned the same consensus sequences for both genes, despite the
presence of hundreds of possible consensus sequences for the alignments within the
database. This, along with the presence of several conserved amino acids seen
within the alignments, further suggests that the two genes are orthologous (Berman
et al., 2000).

Figure 12.1

Figure 12.2

Figure 12.3

Figure 12.4

Figure 12. E. coli b2284 and M. ruber Mrub_1872 have similar conserved amino
acids in same consensus sequences. Figure 12.1 shows E. coli b2284 sequence
alignment with consensus sequence of the respiratory-chain NADH
dehydrogenase 51 Kd subunit. Figure 12.2 shows M. ruber Mrub_1872
sequence alignment with consensus sequence of the respiratory-chain NADH
dehydrogenase 51 Kd subunit. Figure 12.3 shows E. coli b2284 sequence
alignment with consensus sequence of the SLBB domain. Figure 12.4 shows M.
ruber Mrub_1872 sequence alignment with consensus sequence of the SLBB
domain. Pairwise alignments obtained through Pfam (Berman et al., 2000).
Figure 12 illustrates that both E. coli b2284 and M. ruber Mrub_1872 belong to
operons. Each of the genes appears to be part of its own respective operon, as each
is adjacent to several genes in the same KEGG pathway with the same color. Figure
12.1 shows that b2284 is part of an operon, as it is surrounded by several genes of
the same, pink coloration. Figure 12.2 shows that Mrub_1872 is part of an operon, as
it is surrounded by several genes of the same, grey coloration. The fact that both of
these genes belong to operons presents further evidence that they are orthologs
(Kanehisa et al., 2016, Madden, 2022).

Figure 13.1

Figure 13.2
Figure 13. E. coli b2284 and M. ruber Mrub_1872 genes each belong to their
own respective operons. Figure 13.1 shows the E. coli b2284 gene, which is pink
and identified with a red line above the gene. Figure 13.2 shows the M. ruber
Mrub_1872 gene, which is grey and identified with a red line above the gene.
JGI Colored by KEGG was used to view and obtain these ortholog
neighborhoods (Kanehisa et al., 2016, Madden, 2002).
Table 3 summarizes the results from several bioinformatics tools that were used to
compare the E. coli b2283 gene to the Mrub_1871 gene. The BLAST result describes
the protein sequence alignment between the two organisms. Because the E-value of
3e-49 is very close to zero, these sequences likely align due to conservation of amino
acids across the two species, rather than due to chance. Analysis regarding the CCD
returned the same COG number (COG1034) and name (NADH: ubiquinone
oxidoreductase 75 kD subunit (chain G)) with very small E-values, which indicates

significance. Information regarding cellular localization obtained from various
bioinformatics databases (TMH, SignalP, LipoP and PSORT-B) indicated that both
proteins are found within the cell’s cytoplasm and do not contain a cleavage site.
However, E. coli b2283 protein may have multiple localization sites, and could also
be located in the cytoplasmic membrane. The TIGRFAM analysis for the two genes
returned the same hit (TIGR01973) of NADH-quinone dehydrogenase (G subunit).
Further, the Pfam hit confirmed that both proteins contain the 2Fe-2S iron-sulfur
cluster binding domain. Although protein database returned matches from two
different organism for E. coli 2283 and M. ruber Mrub_1871, the protein within the
match organism was still the same. The enzyme commission number for the genes,
as determined by KEGG, is 1.6.5.3, and the proteins function as NADH: ubiquinone
reductase (H(+)-translocating) in the Oxidative phosphorylation pathway. This
information returned indicated several similarities between the two genes,
suggesting that these two genes are orthologs.
Table 3: Mrub_1871 and b2283 are orthologs
Bioinformatics
E. coli b2283 gene
M. ruber Mrub_1871 gene
Tool
Score: 174
BLAST
E-value: 3e-49
COG1034
CDD Data (COG)
NADH: ubiquinone oxidoreductase 75 kD subunit (chain G)
[Energy production and conversion]
E-value: 0.0
E-value: 3.99e-145
Cellular
Localization
TIGRfam –
protein family
Pfam – protein
family
Protein Database

Multiple localization sites:
Cytoplasm of the cell
Cytoplasmic membrane
Cytoplasm of the cell
TIGR01973
NADH-quinone dehydrogenase (G subunit)
E-value: 4.2e-305
E-value: 3.1e-147
PF13510 (Fer2_4)
2Fe-2S iron-sulfur cluster binding domain
E-value: 2.1e-11
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The results of the protein BLAST sequence alignment between E. coli b2283 and M.
ruber Mrub_1871, which are shown in Figure14, indicate that 26% of the amino
acids within the sequences were exact matches between the two organisms.
Further, 277 of the remaining amino acids were of similar character. The BLAST
alignment of the two sequences returned an E-value of 3e-49, which is incredibly
small, suggesting that the alignment seen is not likely due to chance alone. These
results lead us to conclude that the sequence similarity may indicate the genes are
potential orthologs (Madden, 2002).

Figure 14. Mrub_1871 and E. coli b2283 have a similar protein sequence.
Protein BLAST utilized to complete sequence alignment with query sequence E.
coli b2283 and subject sequence M. ruber Mrub_1871 (Madden, 2002).

Figure 15 highlights the results for the THM hydropathy plots for both E. coli b2283
and M. ruber Mrub_1871. Both Figure 15.1 and Figure 15.2 lack peaks of significant
amplitude that represent transmembrane helices. Thus, each gene is predicted to
have zero transmembrane helices, providing a piece of evidence that the genes are
located within the cytoplasm of the cell (Krogh & Rapacki, 2016).

Figure 15.1

Figure 15.2
Figure 15. Absence of TMH regions within E. coli b2283 and M. ruber Mrub_1871.
Figure 15.1 shows the TMHMM plot for E. coli b2283. Figure 15.2 shows the
TMHMM plot for M. ruber Mrub_1871. Plots were obtained using TMHMM Server
v 2.0 (Krog & Rapack, 2016).

Signal P plots obtained for E. coli b2283.and M. ruber Mrub_1871 are presented in
Figure 16. Both E. coli b2283.and M. ruber Mrub_1871 had D-values, which were 0.116
and 0.119 respectively, lower than the cutoff value of 0.570, indicating that both proteins
do not contain cleavage sites (Petersen et al., 2011).

Figure 16.1

Figure 16.2

Figure 16. Absence of protein cleavage sites in E. coli b2283 and M. ruber
Mrub_1871. Figure 16.1 shows Signal P plot for E. coli b2283. Figure 16.2
shows Signal P plot for M. ruber Mrub_1871. Each of the protein’s D-value fell
below the cutoff value of 0.570, indicating lack of protein cleavage sites. Plots
were generated using Signal P server 4.1 (Petersen et al. 2011).

Figure 17.1

Figure 17.2
Figure 17. Presence of b2283 and Mrub_1871 in oxidative phosphorylation
pathway. Figure 17.1 shows KEGG pathway for E. coli. Figure 17.2 shows
KEGG pathway M. ruber. Kyoto Encyclopedia of Genes and Genomes (KEGG)
database was utilized to locate the oxidative phosphorylation pathway in E. coli
and M. ruber, as well as genes b2283 and Mrub_1871 within the pathway
(Kanehisa et al., 2016).
Figure 18 highlights the pairwise alignments of both E. coli b2283 (Figure 18.1) and
M. ruber Mrub_1871 (Figure 18.2) with the same consensus sequence of the 2Fe-2S
iron-sulfur cluster binding domain. The alignment was provided by Pfam, which
returned the same consensus sequence for both genes, despite the presence of
hundreds of possible consensus sequences for the alignments within the database.
This further suggests that the two genes are orthologous (Berman et al., 2000).

Figure 18.1

Figure 18.2
Figure 18. E. coli b2283 and M. ruber Mrub_1871 yield identical primary
consensus sequences in Pfam results. Figure 18.1 shows E. coli b2283 sequence
alignment with consensus sequence of the 2Fe-2S iron-sulfur cluster binding
domain. Figure 18.2 shows M. ruber Mrub_1871 sequence alignment with
consensus sequence of the 2Fe-2S iron-sulfur cluster binding domain. Pairwise
alignments obtained through Pfam (Berman et al., 2000).
Figure 19 illustrates that both E. coli b2283 and M. ruber Mrub_1871 belong to
operons. Each of the genes appears to be part of its own respective operon, as each
is adjacent to several genes in the same KEGG pathway with the same color. Figure
19.1 shows that b2283 is part of an operon, as it is surrounded by several genes of
the same, pink coloration. Figure 19.2 shows that Mrub_1871 is part of an operon, as
it is surrounded by several genes of the same, grey coloration. The fact that both of
these genes belong to operons presents further evidence that they are orthologs
(Kanehisa et al., 2016, Madden, 2022).

Figure 19.1

Figure 19.2
Figure 19. E. coli b2283 and M. ruber Mrub_1871 genes each belong to their
own respective operons. Figure 19.1 shows the E. coli b2283 gene, which is pink
and identified with a red line above the gene. Figure 19.2 shows the M. ruber
Mrub_1871 gene, which is grey and identified with a red line above the gene.
JGI Colored by KEGG was used to view and obtain these ortholog
neighborhoods (Kanehisa et al., 2016, Madden, 2002).

CONCLUSION
Collectively, the results presented above indicate that Mrub_1873, Mrub_1872, and
Mrub_1871 are orthologous to b2285, b2284, and b2283 respectively. This suggests that
these genes belong to species originating from a common ancestor. The use of various
bioinformatics tools, including protein BLAST, TMH, SignalP, LipoP, PSORT-B,
TIGRFAM, Pfam, and KEGG, were invaluable in completing this analysis and reaching
this conclusion. Analysis through TMH led to the conclusion that all six of the proteins
lacked transmembrane helices, while SignalP analysis confirmed that the six proteins did
not contain cleavage sites. Both of these bioinformatics tools, along with LipoP and
PSORT-B, allowed us to reach the conclusion that these proteins are all located within
the cytoplasm of the cell. Each of the protein BLAST results yielding protein sequence
alignments between the two organisms returned high percentages of sequence
conservation. Additionally, the BLAST outputs returned very low E-values, which
indicated that the sequences aligned due to conservation of amino acids across the
two species, rather than due to chance. Analysis regarding the CCD returned the
same COG number and name for each gene pair, and TIGRFAM analysis returned the
same hit for each gene pair. The same Pfam consensus sequences were returned for the
gene pairs, and, although the protein was not always found within the same organism, the
same primary protein hit was obtained through the protein database for each protein pair.
Lastly, all of the proteins of interest belonged to an operon. Based on these similarities, as
well as various other similarities detected between the gene pairs, very few differences in
the gene pairs were identified. Thus, the conclusion was made that Mrub_1873,
Mrub_1872, and Mrub_1871 are orthologs of b2285, b2284, and b2283 respectively.
Site-directed mutagenesis is useful in making specific, deliberate changes to a gene’s
DNA sequence. The process can be useful in analyzing structure and functionality of
genes, as it allows one to determine whether or not a given portion of the gene’s sequence
is crucial for proper functioning of the gene and its translated protein. Altering the
nucleotide sequence through deletion, insertion, or substitution can cause a change in the
gene’s amino acid sequence. In this case, we will use substitution to perform site-directed
mutagenesis of M_rub1873 in Meiothermus ruber. For this particular site directed
mutagenesis, we will substitute an alanine residue for a tyrosine residue in Mrub_1873.
Tyrosine, a polar amino acid, oftentimes functions in phosphorylation within intracellular
proteins, as it accepts phosphate molecules from protein kinases (Betts & Russel, 2003).
Alanine, on the other hand, is nonpolar and is rarely found to be a functional amino acid
in proteins. Therefore, substituting an alanine for a highly conserved tyrosine amino acid
and determining whether or not this mutagenesis has an effect on protein function will
indicate whether the tyrosine plays an important role in the functioning of the protein.
The HMM logo obtained through Pfam analysis of M_rub1873 seen in Figure 20.1 shows
that the tyrosine amino acid at position 55, represented by the large, green Y, is highly
conserved. Analysis of Figure 20.2, which shows the pairwise alignment obtained
through Pfam, confirms that this tyrosine residue, which is shown in the red box, is
highly conserved, as it is shown as a capital letter. Figure 20.3, which was obtained
through NEB base changer, shows the nucleotides that will be replaced, which are T and
A, by nucleotides G and C in order to create an alanine residue in the place of tyrosine.

Figure 20.1

Figure 20.2

Figure 20.3

Figure 20.3

Figure 20. Site-directed mutagenesis to replace a highly conserved tyrosine
residue with an alanine residue. Figure 20.1 shows portion of the HMM logo
obtained through Pfam with tyrosine residue represented by Y at position 55
(Berman et al., 2000). Y is the tallest letter, indicating that it is highly conserved.
Figure 20.2 shows the pairwise alignment obtained through PFAM with the
tyrosine residue boxed in red. The Y is capitalized in the bottom row, indicating
it is highly conserved. Figure 20.3 shows the missense mutation that will be
created to change the tyrosine residue to an alanine residue. The bases that will
be altered, which are T and A, are highlighted in orange. The bases will be
replaced with G and C in order to complete the mutation. The site-directed
mutagenesis was performed with http://nebasechanger.neb.com.
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